Introduction {#S1}
============

The speed of ribosomes during the elongation phase of translation is not uniform along mRNAs[@R1]. In particular, transient pausing events support domain folding, as proteins begin to attain their three dimensional structure in concert with their synthesis[@R2]. As tRNA selection in the A-site of ribosomes is a rate-limiting step during elongation phase, the use of synonymous codons influences local elongation speed and aids co-translational protein folding[@R3],[@R4]. Notably, specific base modifications in the wobble base position of tRNAs enhance binding to the A site of the ribosome[@R5],[@R6]. Hence, it was shown that the speed of translating ribosomes indeed decreases on respective codons due to the lack of certain wobble base modification. Furthermore, these synthesis rate variations lead to altered folding dynamics of nascent polypeptide chains and ultimately result in large amounts of misfolded and aggregated proteins. Therefore, these modifications act as gate keepers that maintain the homeostasis of whole cellular proteomes[@R7].

Two copies of each of the highly conserved six subunits of the eukaryotic Elongator complex (Elp1--6) constitute a large macromolecular complex, which in combination with additional modification pathways conducts the formation of 5-methoxycarbonylmethyl-uridine (mcm^5^U), 5-methoxycarbonylmethyl-2-thiouridine (mcm^5^s^2^U), and 5-carbamoylmethyluridine (ncm^5^U) on uridines in the wobble base position of tRNAs[@R8]--[@R11]. All six subunits are equally important for its modification activity[@R12], required for Elongator complex integrity (except Elp2), and mainly localize to the cytoplasm[@R13]. Homologs of the six Elongator subunits have been identified in eukaryotes from yeast to human. Hence, the tRNA modification activity of Elongator has been shown to be important for multiple cellular activities in yeast[@R9], flies[@R14], worms[@R15], fish[@R16], plants[@R17], mice[@R18], and humans[@R19]. The Elongator protein 3 (Elp3) subunit is suspected to harbor the active site of the complex as it was predicted to contain a lysine acetyl transferase (KAT)[@R20] and a radical S-adenosyl-methionine (SAM) binding domain[@R21], together capable of conducting suitable chemistry for the initial cm^5^U formation[@R10]. Almost all archaea, a small number of bacteria and two viruses also possess Elp3 homologues, but lack genes encoding the other five Elongator subunits, suggesting the ancient nature and conserved function of the enzymatic core subunit of the complex. In humans, specific mutations in Elongator subunits are correlated with the development of certain neurodegenerative diseases[@R16],[@R22] and cancer[@R23] stressing the clinical importance of understanding the underlying molecular mechanisms.

High-resolution structural information recently became available for the homo-dimer of the Elp1 C-terminus[@R23], Elp2[@R24], the Elp456 heterohexamer[@R25],[@R26], and the accessory factors Killer toxin insensitive 11 (Kti11) and Kti13[@R27],[@R28]. Here, we set out to obtain structural and functional insight into the enzymatic core subunit Elp3 of the Elongator complex that carries out the proposed tRNA modification reaction. The detailed mechanism of this reaction has remained unclear[@R11], because so far no structural information on Elp3 has been available. We determined the crystal structure of full length Elp3 from *Dehalococcoides mccartyi* (DmcElp3), which reveals the molecular details of the individual KAT and SAM domains and their relative orientation to each other. Our data further support the view that the intensively discussed[@R29]--[@R31] genuine cellular function of the Elongator complex is the regulation of translation elongation, which is involved in the onset of various neurodegenerative diseases, cancer and intellectual disabilities[@R16],[@R32],[@R33].

Results {#S2}
=======

Crystal structure of DmcElp3 {#S3}
----------------------------

We cloned and recombinantly expressed full length Elp3 from *D. mccartyi*, an anaerobic dehalogenating bacterium recently isolated from toxic waste[@R34],[@R35]. DmcElp3 showed very high sequence conservation with Elp3 from other species (e.g. *Saccharomyces cerevisiae* Elp3 41.4% identity and human Elp3 42.2% identity; see [Supplementary Note 1](#SD3){ref-type="supplementary-material"}). We obtained crystals of purified DmcElp3, solved the structure and refined it to R/R~free~ values of 19.1%/21.9% at 2.15 Å resolution ([Table 1](#T1){ref-type="table"} and [Supplementary Fig. 1a](#SD2){ref-type="supplementary-material"}). The compact structure of DmcElp3 showed a previously unobserved arrangement of KAT and SAM domains, which are connected by a zinc binding motif and share a large domain interface (\~1700 Å^2^) ([Fig. 1a](#F1){ref-type="fig"}). The SAM domain showed the highest structural similarity to bacterial RlmN ([Fig. 1b](#F1){ref-type="fig"}), which is known to bind RNA and employ radical chemistry to catalyze methylation of A~2503~ in the 23S rRNA[@R36] and A~37~ in certain tRNAs[@R37],[@R38]. The KAT domain is most similar to members of the Gcn5 family of canonical histone acetyl transferases (HATs)[@R39] ([Fig. 1c](#F1){ref-type="fig"}). The topology of secondary structure elements of the individual domains ([Supplementary Fig. 1b,c](#SD2){ref-type="supplementary-material"}) are similar to other SAM and HAT containing proteins, although the KAT domain has an additional seventh β-strand (β13) and is missing the first two helices in the N-terminus (α1 and α2; ([Fig. 1c](#F1){ref-type="fig"})). Strikingly, the SAM domain fully blocked the canonical substrate or peptide binding site of the KAT domain ([Fig. 1c](#F1){ref-type="fig"} and [Supplementary Fig. 1d](#SD2){ref-type="supplementary-material"}), which precludes the hypothesis that recombinant Elp3 is able to acetylate lysine residues in histone tails[@R20] or other protein substrates[@R40],[@R41].

Characterization of the iron-sulfur cluster in DmcElp3 {#S4}
------------------------------------------------------

Size exclusion chromatography indicated two discrete oligomeric states of DmcElp3 purified under aerobic and anaerobic conditions. Strikingly, the dimeric peak showed a strong reddish color, whereas the monomeric fractions remained colorless ([Fig. 2a](#F2){ref-type="fig"}). UV absorbance spectroscopy with a broad signal in the 400 to 600 nm region and electron paramagnetic resonance (EPR) measurements suggested the presence of a \[Fe--S\] cluster in the dimer ([Supplementary Fig. 2a,b](#SD2){ref-type="supplementary-material"}), whereas no EPR active species could be detected in the aerobically purified monomer. The optical spectrum exhibited a peak at 410 nm characteristic for \[4Fe--4S\] clusters and gentle shoulders at 440 and 510 nm suggesting the presence of some additional \[2Fe--2S\] cluster-containing protein in the sample. The amplitude of the signal at 410 nm (ε~410~ = 16 mM^-1^cm^-1^)[@R42] suggested that nearly the full complement of protein contained \[Fe--S\] clusters, mainly in the \[4Fe--4S\] form. EPR analyses of the anaerobic and aerobic purified enzyme revealed two distinct classes of signals ([Supplementary Fig. 2b](#SD2){ref-type="supplementary-material"}). A broad and fast relaxing EPR signal was consistent with a \[4Fe--4S\] cluster in 3/2 spin state[@R43],[@R44]. Quantification of this signal indicated that the corresponding cluster was only present in a minor fraction of the protein. Further signals around g=2, observed at 15 K and 50 K, reflect the presence of a heterogeneous population of \[Fe--S\] clusters in the spin ½ state in about 1-10 % of the sample. EPR did not allow for a clear-cut attribution of these signals to \[2Fe--2S\] or \[4Fe--4S\] clusters.

In the crystals, which were only obtained using the dimer, we observed a \[2Fe--2S\] cluster located at the interface of two DmcElp3 molecules related by a crystallographic dyad ([Fig. 2b](#F2){ref-type="fig"}). In particular, residues C27 and C30 from two neighboring DmcElp3s are involved in the coordination of one \[2Fe--2S\] cluster. We confirmed the cluster species in our structure by using a full dataset collected close to the absorption edge of iron (λ=1.7377 Å) to calculate anomalous difference Fourier maps that clearly identified peaks for only two coordinated iron ions ([Fig. 2c](#F2){ref-type="fig"}). In addition, we also used anomalous difference Fourier maps (λ=1.28238 Å) to confirm that residues C310, C312 and C315, which are conserved in archaeal Elp3s but not in eukaryotic Elp3s, specifically coordinate a zinc ion ([Fig. 2c](#F2){ref-type="fig"}).

We assumed that the discrepancy between the prevalence of the \[4Fe--4S\] cluster in solution and the \[2Fe--2S\] cluster in the crystal structure resulted from disintegration of the \[4Fe--4S\] cluster during purification and crystallization under aerobic conditions or from induced radiation damage during the X-ray data collection. Importantly, non-physiological reduction of the cluster by dithionite to obtain the EPR-detectable paramagnetic state may have also contributed to the transformation of the \[4Fe--4S\] cluster to a \[2Fe--2S\] cluster explaining the low abundance of the \[4Fe--4S\] cluster and the presence of \[2Fe--2S\] cluster during our EPR measurements. Indeed, the \[4Fe--4S\] cluster in 3/2 spins state observed in our EPR measurements is known to be particularly sensitive and unstable under aerobic conditions[@R45] and in the case of aerobically purified dimer we observed discoloration of the sample upon reduction with dithionite. In summary, our observations are in agreement with a previous study that also identified the presence of a \[4Fe--4S\] cluster (also in substoichiometric amounts) in a truncated form of the SAM domain of Elp3 from *Methanocaldococcus jannaschii*[@R21]. The distinct peak at \~320 nm present in DmcElp3 spectrum that could argue for \[2Fe--2S\] cluster was also observed in another \[4Fe--4S\]-containing unusual SAM radical enzyme, Dph2[@R46].

Dimerization of DmcElp3 {#S5}
-----------------------

Due to its involvement in dimerization, the conformation and localization of the iron-sulfur cluster and its coordination loop were different from any known radical SAM domain. The dimerization interface was additionally stabilized by strong hydrogen networks ([Fig. 2b](#F2){ref-type="fig"}) and involved also conserved residues that were not directly participating in \[2Fe--2S\] coordination. Mutational analyses showed that I28A and Y29A, but also R136A and R173A mutations, strongly decreased dimer formation ([Supplementary Fig. 2c](#SD2){ref-type="supplementary-material"}). Interestingly, mutations of residues C27S and C30S, which were both crucial for iron-sulfur cluster coordination, still allowed dimer formation although to a lesser extent. Dimerization clearly increased the thermostability of wild type (wt) and mutated DmcElp3 and none of the generated single point mutations in this study led to misfolded protein ([Supplementary Fig. 2d](#SD2){ref-type="supplementary-material"}).

Because of the high sequence conservation, we were able to test the role of equivalent residues in ScElp3 on tRNA modification activity *in vivo* by several previously established yeast assays[@R27]. In detail, the γ-toxin assay relies on galactose-inducible expression of a tRNA anticodon nuclease that cleaves mcm^5^s^2^ modified tRNAs resulting in growth inhibition. Growth on galactose medium reported absence of this modification due to Elongator deficiency. The SUP4 assay makes use of strains carrying the *SUP4* nonsense suppressor tRNA gene. Suppression of ochre stop codons by *SUP4* tRNA also depends on Elongator dependent modification of U34 in the anticodon. Elongator deficiency resulted in lack of growth on medium lacking adenine and in growth on media containing the toxic arginine analog canavanine due to inefficient suppression of ochre stop codons either in the *ade2-1* or in the *can1-100* alleles. Hence growth phenotypes on Ade^-^ and canavanine-containing media were complementary. Almost all mutants showed decreased tRNA modification activity, and we therefore concluded that both dimerization and iron-sulfur cluster coordination are essential for the catalytic activity of Elongator *in vivo* ([Fig. 2d](#F2){ref-type="fig"}).

If DmcElp3 bound SAM in a similar fashion as in other known SAM domains, the iron cluster coordination loop would have to undergo a structural rearrangement ([Fig. 1b](#F1){ref-type="fig"}). For this reason, it remains to be shown where SAM exactly binds, if it involves the third highly conserved cysteine residue (C23) and by which mechanism the 5'-deoxyadenosyl radical (5'-dA•) is generated and inertly transferred to the spatially distinct acetyl-CoA binding site to create an acetyl radical[@R10].

We have used small-angle X-ray scattering (SAXS) to analyze if SAM and KAT domains of DmcElp3 were in a similar compact conformation in solution and if acetyl-CoA or SAM had any influence on their arrangement. As the theoretical scattering curves (based on the crystal structure) matched the experimentally determined curves very well and the radii of gyration almost perfectly matched the estimated values for the DmcElp3 monomers and dimers, we believe that the almost identical spatial arrangement of DmcElp3 can also be found in solution ([Supplementary Fig. 2e)](#SD2){ref-type="supplementary-material"}. As we did not observe any changes of the scattering profiles in the presence of acetyl-CoA or SAM to the dimer and monomer, we were certain that these ligands do not induce any major rearrangements of the domains ([Supplementary Fig. 2f](#SD2){ref-type="supplementary-material"}).

In our hands the incubation of anaerobically purified DmcElp3 with acetyl-CoA in the presence of Na~2~S~2~O~4~ led to robust unspecific acetylation of several surface exposed lysine residues (e.g. K2, K266, K276 and K380). Strikingly, we observed unspecific acetylation of DmcElp3 mutants (e.g. Y441A, expected to be catalytically inactive) both, in their dimeric and monomeric forms, of *Methanocaldococcus infernus* Elp3 (MinElp3), and even of other unrelated proteins lacking HAT-like active sites or proven KAT activity (e.g. BTG12, Kti13) upon their incubation with acetyl-CoA in the presence of Na~2~S~2~O~4~ ([Supplementary Fig. 3a)](#SD2){ref-type="supplementary-material"}. This chemical side reaction prevented us from reliably testing the activity of DmcElp3 in a recently established *in vitro* tRNA modification assay[@R10] (see also [Supplementary Note 2](#SD3){ref-type="supplementary-material"}). We have therefore focused on characterizing the initial steps of the proposed modification reaction cycle that precede the proposed radical mechanism.

tRNA binds to the interface of the KAT and SAM domain {#S6}
-----------------------------------------------------

Firstly, we tested DmcElp3 for tRNA binding using radioactive electrophoretic mobility shift assays (EMSA). *In vitro* transcribed tRNA~Glu~^UUC^ from *D. mccartyi* and *S. cerevisiae* bound directly to monomeric and dimeric DmcElp3 with comparable affinities (K~d~ of \~4 μM; [Supplementary Fig. 3b](#SD2){ref-type="supplementary-material"}). By analyzing conservation and surface charge of DmcElp3 a highly conserved basic cavity located between the SAM and KAT domains immediately caught our attention ([Supplementary Fig. 3c](#SD2){ref-type="supplementary-material"}). We subsequently mutated all conserved basic residues in the proximity of this region to map the tRNA binding region at the single residue level. Mutating residues in the center of the patch (K229A, R274A, R277A, R280A, R314A) clearly reduced tRNA binding ([Fig. 3a,b](#F3){ref-type="fig"}). Other residues that were in close proximity affected tRNA binding to a lesser extent (K77, H73, R155, K193; [Fig. 3b](#F3){ref-type="fig"} and [Supplementary Fig. 4a](#SD2){ref-type="supplementary-material"}). Though, double mutations R49A R64A, R155A K193A, K229A R277A and R274A R314A enhanced the effects of the respective individual mutations ([Fig. 3c](#F3){ref-type="fig"}). In addition, we analyzed a region of three highly conserved basic residues in the N-terminus, which was located very close to the mapped tRNA binding site. After deletion of this stretch (DmcElp3~9-459~) or substitutions (K2A K3A, R6A) the tRNA binding to DmcElp3 was fully abolished ([Fig. 3c](#F3){ref-type="fig"}). This extended region, which contained additional stretches of basic residues in archaea and eukaryotes ([Fig. 1d](#F1){ref-type="fig"}), was disordered in our crystal structure and might undergo structural rearrangements upon tRNA recruitment. Mutations of conserved residues distant from the mapped tRNA binding site, like in the dimerization interface (K26A, C27S C30S, Y40A, H73A, R136A, R173A, Y231A) or the acetyl-CoA binding pocket (E386A, E386A H388A, Y441A), gave no decrease in tRNA affinity ([Supplementary Fig. 4a,b](#SD2){ref-type="supplementary-material"}). Mutations affecting tRNA binding *in vitro* were introduced into ScElp3 and tested for tRNA modification activity *in vivo*. The phenotypes were comparable to that of the *elp3* deletion strain ([Fig. 3d,e](#F3){ref-type="fig"} and [Supplementary Fig. 4c](#SD2){ref-type="supplementary-material"}). Therefore, tRNA recruitment is essential for proper tRNA modification but independent from iron-sulfur cluster coordination, SAM or acetyl-CoA binding. Differences for the N-terminal mutations (K86A K88A, R91A) between the toxin and individual tRNA suppression assays may indicate specific importance of these residues for different tRNA species ([Fig. 3d,e](#F3){ref-type="fig"}). Other eukaryotic and archaeal Elp3s possess additional non-conserved basic residues in their extended N-termini ([Fig. 1d](#F1){ref-type="fig"}). We have mutated all lysine residues in the N-terminus of ScElp3 (K53A, K56A, K57A, K59A, K61A, K65A, K78A, K79A) to investigate their functional role in Elongator activity ([Supplementary Fig. 4d](#SD2){ref-type="supplementary-material"}). Consistent with their weak evolutionary conservation, the respective mutants fully conferred tRNA modification activity *in vivo*. Therefore, most basic residues in the extended N-terminus of ScElp3 seem to be dispensable for Elongator's activity in yeast whereas the three conserved basic residues K2, K3, and R6A involved in tRNA binding in DmcElp3 were also important for tRNA modification in yeast.

Model of the DmcElp3--tRNA complex {#S7}
----------------------------------

We next characterized the interaction of DmcElp3 with tRNA~Glu~ using single-strand specific RNase footprinting analyses. The binding of DmcElp3 mainly protected two regions of the tRNA, namely the anticodon loop and the D-loop ([Fig. 4a,b](#F4){ref-type="fig"}). The unexpected protection of the D-loop explains why the anticodon loop, carrying the modifiable uridine base, is not sufficient by itself for binding to DmcElp3 (data not shown). Strong band intensities were also visible in the variable loop after DmcElp3 binding. However, these bands were also present in the control lane and most likely resulted from a rearrangement of this region upon DmcElp3 binding. Using our biochemical restraints, we were able to specifically place a tRNA molecule into the composite active site formed by the SAM and KAT domains, providing a model of the initial tRNA recruitment step. Strikingly, this approach positioned the modifiable wobble base in close proximity to the active center of the KAT domain and the D-loop in proximity of the flexible N-terminal stretch important for tRNA binding, which probably discriminates for binding of only properly folded tRNAs ([Fig. 3c](#F3){ref-type="fig"}, [Fig. 4b,c](#F4){ref-type="fig"}).

Regulation of acetyl-CoA binding to DmcElp3 {#S8}
-------------------------------------------

During the structural comparison with different HAT domains, we observed that a loop region in DmcElp3 (residues 390 to 407) occupied the canonical acetyl-CoA binding site ([Fig. 1a](#F1){ref-type="fig"}). Replacing the loop with a short linker led to the 4-fold increase in affinity for tRNA (K~d~ of \~1 μM; [Supplementary Fig. 5a](#SD2){ref-type="supplementary-material"}). We therefore concluded that incipient tRNA binding led to the displacement of the loop region and initiated productive acetyl-CoA binding, thereby explaining why the acetyl-CoA turnover was strongly stimulated in the presence of tRNAs[@R10]. We were able to determine the crystal structure of the DmcElp3 390--407~GSGSG~ in the presence of acetyl-CoA at 2.6 Å resolution ([Supplementary Fig. 5b](#SD2){ref-type="supplementary-material"}). We only found weak electron density for CoA in our crystal structure, presumably because the ligand, in the absence of tRNA, was too flexible to reliably assess its detailed binding mode. Nevertheless, we were able to show that the opening of this cleft did not lead to overall rearrangements in DmcElp3 ([Supplementary Fig. 5c](#SD2){ref-type="supplementary-material"}) and that the wobble base position of the docked tRNA would perfectly align with the bound position of the acetyl group in acetyl-CoA ([Fig. 4d](#F4){ref-type="fig"}). On the basis of our results, we propose that recruitment of tRNA by DmcElp3 ensures productive binding of acetyl-CoA in the otherwise blocked canonical binding site which in turn leads to activation of the latter and the addition of the activated acetyl-CoA group to wobble base uridines before acetyl-CoA hydrolysis. In addition, our results demonstrated that the Elp3 domain architecture is essential for specifically recognizing tRNAs and simultaneously blocks the binding of unspecific substrates (e.g. peptides) to avoid undesirable or off-target acetylation by the created acetyl radical intermediate.

Model of the Elp3 mediated cm^5^ modification reaction {#S9}
------------------------------------------------------

Above we have shown that specific regions in the SAM and KAT domains of DmcElp3 contribute to activity of Elp3 and how it recognizes tRNAs. In an attempt to explain the necessary steps of the modification reaction, in the context of our structural data and the proposed reaction cycle by Huang and colleagues[@R10], we investigated necessary movements of specific small loop regions in homology to the structure of iron sulfur cluster containing SAM domain of RlmN bound to SAM. Firstly, we realized that mainly two regions (aa19-55 and aa161-176) would have to undergo structural rearrangements to bring the iron sulfur cluster in closer proximity of the tRNA and acetyl-CoA binding site. After this movement it is likely that the third conserved cysteine residue is involved in cluster coordination and SAM could be recruited to produce the necessary 5'-dA• ([Fig. 5a](#F5){ref-type="fig"}) and the dimer is maintained by residues not directly involved in cluster coordination (e.g. R136, R173). As the dimer bound tRNA with the same affinity as the monomer we believe that this process is independent of tRNA binding, which involved highly conserved basic residues in the central cavity between SAM and KAT domains. Though, tRNA binding facilitated the displacement of the acetyl-CoA blocking loop and the binding and hydrolysis of acetyl-CoA ([Fig. 5b](#F5){ref-type="fig"}). From our structure we can deduct that only relatively small movements in Elp3 would bring the necessary components, namely 5'-dA•, acetyl-CoA and U34, in close proximity of each other ([Fig. 5c](#F5){ref-type="fig"}). Although, our results provide the first structural insights into this complicated modification, it will take additional structural and biochemical analyses to understand the individual reaction steps in greater detail.

Mapping disease related mutations in Elp3 {#S10}
-----------------------------------------

Finally, our structural results also allowed us to precisely locate mutations that have been previously identified by different groups[@R9]--[@R11],[@R20],[@R21],[@R47]--[@R51] and cancer sequencing projects ([Supplementary Fig. 6 a,b](#SD2){ref-type="supplementary-material"}). Interestingly, two Elp3 mutations (R456K, R475K), identified by a mutagenesis screen for synaptic transmission and neuronal survival in flies[@R16], are located at the interface of the KAT and SAM domains, probably promoting neurodegenerative phenotypes by causing destabilization and malfunction of Elp3. We have analyzed several mutations related to neurodegenerative diseases (D322N, R463K, R484K) or cancer (R413T, D454N, R433K) by mutating equivalent residues in *S. cerevisiae ELP3* and testing for functionality. Interestingly, five of the six mutations (D322N, R463K, R484K, R413T, R433K) fully or partially phenocopy an *elp3* deletion strain ([Supplementary Fig. 6c](#SD2){ref-type="supplementary-material"}) suggesting dysfunctional Elongator complex in these patients. Our work therefore not only provides mechanistic insights into the initial steps of the tRNA modification reaction, but also a framework for further functional studies that will clarify the contribution of mutations in Elp3 in neurodegenerative diseases and cancer.

Discussion {#S11}
==========

In this study we provide molecular and functional insight into the yet poorly characterized Elp3 subunit, which harbors the catalytic center for the tRNA modification reaction. The relative arrangement of the two domains in Elp3 spatially restricts the binding of peptides to the acetyl-transfer region in the KAT domain while it allows the wobble base of a bound tRNA to specifically access this active site. In addition, we observed a \[Fe--S\] cluster located in the interface of two DmcElp3 molecules, which formed dimers in solution and in our crystals. In eukaryotes, Elongator forms a multi-subunit complex and we previously showed that the fully assembled endogenous Elongator complex of *S. cerevisiae* contains two copies of each its subunits[@R25], including two Elp3 molecules. Therefore, the five other Elongator subunits (Elp1, Elp2, Elp4, Elp5, Elp6) could provide a suitable scaffold to stabilize the interaction of two Elp3 molecules in eukaryotes. The presence of these other subunits could have led to a decreased selective evolutionary pressure in eukaryotes to conserve a stable Elp3 dimer interface.

We do appreciate that the location and coordination of the \[Fe--S\] cluster in DmcElp3 is unexpected and different from other known radical SAM enzymes[@R52]. Therefore, our structural snapshot cannot fully explain the suggested SAM-mediated radical based modification mechanism[@R10]. Although DmcElp3 is annotated as a SAM radical enzyme, it is clear from our analysis that it is not a classical member of this family. Our results show that DmcElp3 can form dimers and monomers, where the latter are colorless and do not yield EPR signals. At present, we cannot fully exclude that DmcElp3 monomers harbor a highly sensitive \[Fe--S\] cluster presumably employing the conserved residue C23, which in our structure is not involved in \[Fe--S\] coordination. Nevertheless, in our analyses under aerobic and anaerobic conditions \[Fe--S\] coordination is strongly stabilized by DmcElp3 dimerization. Despite intense efforts, no crystals were obtained during co-crystallization attempts of anaerobically and aerobically purified DmcElp3 (monomer and dimer) in the presence of acetyl-CoA, CoA, SAM, different *in vitro* transcribed full-length tRNAs from *D. mccartyi* and combinations thereof.

However, we determined the crystal structure of a deletion construct, lacking a previously uncharacterized loop region that specifically blocked the predicted acetyl-CoA binding site in the KAT domain, in the presence of acetyl-CoA. Interestingly, the deletion of this loop resulted in an increased affinity for tRNA suggesting a direct mechanistic connection between tRNA binding and acetyl-CoA recruitment. tRNA binding seems to precede acetyl-CoA binding, which provides a possible explanation for the partial flexibility of acetyl-CoA in the absence of substrate tRNA. In addition, we were able to map the tRNA binding site using structure-guided mutational approaches and RNase protection assays. Strikingly, our resulting model of tRNA-bound Elp3 located the wobble base position in close proximity to the active site of the KAT domain. Therefore, we conclude that the domain architecture of Elp3 allows specific recognition of tRNAs by the SAM domain and subsequent transfer of an activated acetyl-group from acetyl-CoA bound in the KAT domain.

As DmcElp3 shows very high sequence similarity to Elp3 from different organisms we are also able to locate most of the previously published mutations in our structure and provide a structural framework for their dysfunction. In addition, we have tested several disease- and cancer-related mutations in yeast and show that they affect the tRNA modification activity of Elongator, suggesting a direct correlation of Elp3 dysfunction with disease progression.

Online Methods {#S12}
==============

Cloning of the *DmcELP3* gene from *D. mccartyi* {#S13}
------------------------------------------------

Genomic DNA of *Dehalococcoides mccartyi* strain CBDB1 was provided by Prof. G. Sawers (Martin-Luther-University Halle). The open reading frame of *DmcELP3* (cbdbA595) was amplified and cloned into plasmid pRZ48[@R57] to give pRZ51.

Aerobic protein expression and purification {#S14}
-------------------------------------------

The DmcElp3 codon sequence was subcloned into the pETM30 vector to obtain N-terminally 6xHis-GST-tagged proteins and transformed into BL21 pSarRare *E. coli*. Cultures were grown at 37°C until OD~600~ \~1, protein expression was induced using 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG), incubated at 18°C overnight and harvested the next morning by centrifugation. Pellets were resuspended in lysis buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 20 mM imidazole, 1 mM MgCl~2~, 5% glycerol, 2 mM β-mercaptoethanol, protease inhibitor tablets (Roche), DNase and lysozyme) and lysed using a high pressure homogenizer. The lysate was cleared by centrifugation at 15,000 g for 1 h at 4°C and the supernatant was incubated with NiNTA resin for 2 h at 4°C. The bound protein was washed with wash buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 1 mM MgCl~2~, 5% glycerol, 2 mM β-mercaptoethanol) and eluted with elution buffer (50 mM Tris pH 7.5, 300 mM NaCl, 250 mM imidazole, 1 mM β-mercaptoethanol). Subsequently, the eluted protein was dialyzed (20 mM HEPES pH 7.5, 300 mM NaCl, 20 mM imidazole, 1 mM β-mercaptoethanol) in the presence of TEV protease at 4°C overnight. The cleaved tag was removed using a second NiNTA step and flow-through was applied to a S200 (26/60) gel filtration column (GE Healthcare) equilibrated in gel filtration buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 5 mM DTT). Fractions were analyzed by SDS-PAGE, pooled and concentrated. Single amino acid substitutions were generated using the Quikchange mutational kit (Agilent Technologies). All mutant proteins were expressed and purified like the wild type protein. Uncropped images of all used gels and autoradiographs are shown in [Supplementary data set 1](#SD1){ref-type="supplementary-material"}.

Crystallization and Structure determination {#S15}
-------------------------------------------

Native and selenomethionine substituted crystals were grown at 18°C using the hanging drop vapor diffusion method. Purified DmcElp3 protein in gel filtration buffer was concentrated to 10 mg/ml and combined with equal volume of 100 mM MES pH 6.3 and 4% PEG 4000. Crystals grew until day 7, were cryo-protected with 30% glycerol and subsequently flash frozen in liquid nitrogen. Native and selenomethionine data sets for DmcElp3 were collected at ESRF beamline ID29 on a Pilatus 6M-F detector. The DmcElp3 selenomethionine crystals diffracted to higher resolution than the native crystals and the selenomethionine data set was therefore used for the refinement. Data processing was performed using XDS[@R58]. SAD phases were calculated from identified selenium sites using autoSHARP[@R59]. The resulting electron density map after solvent flattening was of good quality and an initial model was built and subsequently refined using Phenix[@R60]. DmcElp3 390-407~GSGSG~ crystals were obtained under the same crystallization condition but by premixing purified protein with 5 mM acetyl-CoA (Sigma). The structure was solved using Phaser[@R61] and refined using Phenix. The refinement statistics of the respective models are given in ([Table 1](#T1){ref-type="table"}). The geometry of the models was validated using Molprobity[@R62]. Model figures and superimpositions were prepared using Pymol (<http://www.pymol.org>) and Coot[@R63]. For the prediction of movements within DmcElp3 loop regions, different models of the DmcElp3 cluster coordination region were created using I-TASSER[@R64] and PHYRE[@R65] servers using different RlmN templates (PDB IDs 3RFA[@R36], 3RF9[@R36], 4PL1[@R66], 4PL2[@R66]) and manually curated for necessary structural rearrangements. The \[4Fe4S\] cluster and bound SAM molecule were placed in accordance with their position in PDB ID 3RFA. tRNA was docked using HADDOCK[@R67] with subsequent manual refinement.

Anaerobic protein expression and purification {#S16}
---------------------------------------------

The *D. mccartyi* 6xHis-DmcElp3 or 6xHis-GST-DmcElp3 were expressed in of BL21-codon plus(DE3)-RIL under the control of the T7 promoter together with the *Azotobacter vinelandii isc* operon under control of an arabinose-inducible promoter. Cells were grown in 1 L LB medium at 37°C. At OD~600~ of 0.3, arabinose was added to the final concentration of 0.05 % (w/v). At OD~600~ of 0.6, the cultures were cooled down to 18°C and supplemented with FeCl~3~, Fe(NH~4~)~2~(SO~4~)~2~ and L-cysteine to final concentrations of 50 μM, 50 μM and 400 μM, respectively. Expression of DmcElp3 was induced by 0.1 mM IPTG, and the flasks were sealed to limit the amount of oxygen in the system and incubated for \~20 h at 18°C.

Harvested cells were resuspended in 30 ml of lysis buffer (200 mM Tris-HCl pH 7.5, 150 mM NaCl, 10 mM MgCl~2~, 5 mM imidazole and 1 mM DTT). After addition of lysozyme (45 mg) and benzonase (20 U/ml of lysis buffer) the cells were incubated at room temperature for 1h. The mixture was frozen in liquid nitrogen, thawed at 25°C and cell debris was removed by centrifugation at 14,000 g for 45 min. The concentration of NaCl in the supernatant was adjusted to 500 mM and it was applied on 500 µl of Ni-NTA agarose resin (Qiagen) pre-equilibrated on Poly-Prep chromatography column (BioRad) with the lysis buffer containing 500 mM NaCl. Subsequently, the resin was washed with 1x10ml of equilibration buffer and with 2x10ml of the same buffer containing 20 mM imidazole. The protein was eluted with 200 mM Tris-HCl pH 7.5, 500 mM NaCl, 250 mM imidazole and 1 mM DTT in 0.5-1 ml fractions. The fractions exhibiting dark red/brown color were applied on PD10 column (GE Healthcare) and eluted with 100 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT buffer. The proteins were quantified using Bio-Rad Protein Assay, concentrated, if desired, using Amicon-Ultra 0.5 ml centrifugal filters (Millipore), aliquoted and frozen in liquid nitrogen. All the steps except centrifugation were performed anaerobically under argon in a sealed chamber.

Yeast Strains and Manipulation {#S17}
------------------------------

*S. cerevisiae* strains are listed in the [Supplementary Table 1](#SD4){ref-type="supplementary-material"}. The parent strain for *elp3* point mutants was the *elp3Δ* strain ONY14 derived from UMY 2893 by replacement of the *ELP3* open reading frame with the marker gene *KlURA3* from *Kluyveromyces lactis*. *elp3* mutant strains RZY63-RZY75, RZY90, RZY91, RZY116, RZY119-RZY130, and RZY137 were generated by primer directed mutagenesis: genomic DNA from yeast strain CMY54 (*ELP3-(myc)~3~::SpHIS5*) was used as a template to generate (myc)~3~-epitope tagged *elp3* mutated PCR fragments. The *elp3-(cmyc)~3~::SpHIS5* fragments containing the indicated mutations were transformed into ONY14[@R68] and transformants were selected for histidine prototrophy and loss of the *KlURA3* marker (by 5-fluoroorotic acid resistance). The correct replacement of the *URA3* knockout cassette by the mutagenized *elp3* alleles was verified by PCR using primer pair Elp3-370-Fw/Elp3-400-Rv. Yeast strains ONY21, ONY22 and ONY24 containing untagged mutagenized *elp3* alleles were similarly generated by PCR from *ELP3* plasmid and introduced into strain ONY14. Correct replacements of the *elp3::KlURA3* cassette by the respective *elp3* alleles were verified by PCR and all mutations by DNA sequencing.

Plasmid constructs {#S18}
------------------

Plasmid carrying the *ScELP3-(myc)~3~* gene and mutated alleles are based on the centromeric plasmid p424TDH[@R69]. The gene was amplified by PCR from genomic DNA using yeast strain FFY3t (*ELP3-(myc)~3~::SpHIS5*) as a template. The PCR fragment was cloned into p424TDH using *Eco*RI and *Xho*I to give pON34 (*ELP3-(myc)~3~*). pON34 served as a template to generate mutated *elp3-(myc)~3~* alleles by using Quikchange Site-Directed-Mutagenesis Kit (Agilent Technologies) to construct the following plasmids: pON71 (*elp3-H110A-(myc*)~3~), pON72 (*elp3-C118A/C121A-(myc*)~3~), pON73 (*elp3-V119A/Y120A-(myc*)~3~), pON74 (*elp3-Y136A-(myc*)~3~), pON75 (*elp3-R232A-(myc*)~3~), pON76 (*elp3-R269A-(myc*)~3~), pON77 (*elp3-H271A-(myc*)~3~) and pON78 (*elp3-W341A-(myc*)~3~).

Phenotypical Analyses of Mutants {#S19}
--------------------------------

To analyze the function of mutated *elp3* alleles, the γ-toxin sensitivity was assayed as described before[@R70]. Responses of yeast cells to intracellular expression of zymocin lethal tRNase γ-toxin subunit involved the galactose inducible *GAL1*-γ-toxin expression plasmid pLF16[@R71]. Transformed strains were spotted in 10-fold serial cell dilutions on either 2% dextrose (repressing conditions) or 2% galactose (inducing conditions) containing plates and were incubated for 3 days at 30°C. To analyze the effect of *elp3* mutations on ochre stop codon suppression by suppressor tRNA *SUP4* was carried out as described previously[@R72]. Yeast strains based on UMY2893 (*ade2-1 can1-100)* were spotted on plates lacking adenine or containing the toxic arginine analogue canavanine. When the *SUP4* tRNA is nonfunctional, e.g. because it lacks the Elongator dependent uridine modification strains cannot grow in absence of adenine but are resistant against canavanine. Plates were analyzed after incubation at 30°C for 4 days.

Spectroscopic analyses of DmcElp3 {#S20}
---------------------------------

The UV-VIS spectroscopic analysis of anaerobically purified DmcElp3 was performed at room temperature in quartz cuvettes in a total volume of 0.5 ml using a Carry 50 Bio UV/visible Spectrophotometer (Varian Inc.). The 8 µM DmcElp3 was analyzed in 100 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM DTT buffer. The reduction was performed by addition of sodium dithionite to the final concentration of 1 mM. All the components were assembled anaerobically under argon in a cuvette that was subsequently sealed carefully with plastic wrap before transferring it to the spectrophotometer.

EPR spectra were recorded on a Bruker ElexSys X-band spectrometer fitted with an Oxford Instrument He-cryostat and temperature control system. The aerobically or anaerobically purified DmcElp3 at \~100 µM was analyzed in 20 mM HEPES pH 7.5, 150 mM NaCl and 5 mM DTT buffer in oxidized or reduced state. Samples were reduced by addition of 5 mM dithionite (from a stock solution at 1 M CAPS pH 10 buffer). Additions of the reducing agent was performed under argon at room temperature followed by vortexing and freezing of the sample in liquid nitrogen within 5 min after addition.

Thermofluor analyses DmcElp3 Mutants {#S21}
------------------------------------

Thermostability of purified DmcElp3 proteins was analyzed using thermofluor technology[@R73]. In detail, 20-50 μM of purified protein was incubated with SYPRO Orange in 20 mM HEPES pH 7.5, 150 mM NaCl and 5 mM DTT. Using a StepOne Plus Real-Time PCR system (Applied Biosystems) the samples were subjected to a temperature gradient from 20°C to 95°C (over the period of 2 h) while simultaneously measuring the emitted fluorescence signal (λ = 590 nm).

SAXS {#S22}
----

SAXS data for DmcElp3 was acquired at beamline BM29 at ESRF, Grenoble. DmcElp3 monomer and dimer species were separated by gel filtration and were subsequently concentrated. Serial dilutions were measured at 20°C in 20 mM HEPES 7.5, 150 mM NaCl, 5mM DTT buffer. DmcElp3 dimer was measured at 4.34, 2.17, 1.08 and 0.54 mg/ml, while Elp3 monomer was measured at 2.34, 1.16, 0.58 and 0.29 mg/ml. For binding with acetyl-CoA and SAM, a large excess (10-80x molar equivalents across the concentration range) was added to the samples and buffers in order to obtain an accurate buffer subtraction. Each dataset was acquired using 10 frames and 100% transmission with a 3 second exposure per frame. Frames were then compared for radiation damage using CORMAP[@R74], averaged accordingly and buffer subtracted. In order to minimize the interparticle effects, the ATSAS package PRIMUS[@R75] was used to extrapolate the concentration series to infinite dilution, yielding data in agreement with monodisperse monomer and dimer populations for each concentration series. Comparison of experimental data to theoretical scattering curves was done using CRYSOL[@R75].

EMSA {#S23}
----

Nucleic acids were 5'-labeled (^32^P and T4 PNK) or 3'-labeled (^32^pCp and T4 RNA Ligase) and gel purified on denaturing 15% urea-PAGE. Radioactively labeled tRNA was first renatured by heating in annealing buffer (20 mM HEPES pH 7.5, 50 mM NaCl, 50 mM KCl) at 80°C for 5 min, slowly cooled down to 25°C and diluted with 20 mM HEPES pH 7.5, 150 mM NaCl, 5 mM DTT, 1 mM MgCl~2~. To quantify binding of DmcElp3 to *D. mccartyi* tRNA~Glu-1~ (5\'-GCCCCCATCGTCTAGAGGCccAGGACAGCGGCCTTTCACGCCGTCAACAGGGGTTCGAATCCCCTTGGGGGTACCA-3\'), proteins were serially diluted, followed by the addition of renatured ^32^P-labeled RNA (\~ 5000 cpm). After incubation at 25°C for 15 min, the reactions were loaded on a 6% native gel. The gels were dried and subsequently analyzed by detection on film.

RNase Protection Assay {#S24}
----------------------

Enzymatic digestions were performed on 3\' or 5\' end-labelled tRNA (\~50,000 cpm). Prior to modification, the tRNA was denatured in double-distilled water for 2 min at 60°C, quickly cooled on ice (2 min), then slowly brought back to RT (20 min) in 50 mM sodium cacodylate buffer (pH 7.5), 5 mM MgCl~2~, 0.1 M KCl, 5 mM DTT. If the tRNA was probed with protein, 20 μM DmcElp3 was added to the refolded tRNA in the same buffer and the complex was formed for 15 min at RT. Enzymatic probing was carried out with nuclease S1 (32 kDa) which is specific for single-stranded structures without base specificity, RNase T1 (11 kDa) specific for G in single-stranded RNA, and RNase T2 (36 kDa) specific for single stranded nucleotides with a preference for A nucleotides. Digestion with RNase T1 (0.5 or 1 unit), RNase T2 (1 or 2 U) or nuclease S1 (3 or 6 U) was accomplished by incubation for 10 min at RT. For nuclease S1, the reaction was supplemented with 0.2 mM ZnCl~2~. For each reaction, a control (C) without RNase was treated in parallel. After phenol extraction and ethanol precipitation, the samples were analyzed on denaturing 12% PAGE.
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![Crystal structure of DmcElp3.\
(**a**) Overall structure of DmcElp3 shown in cartoon representation. Residue numbers are indicated and SAM domain (light blue), KAT domain (pink), iron cluster (orange and yellow), zinc binding loop (grey), and the acetyl-CoA blocking loop (olive) are highlighted. Disordered loops are shown by dotted lines. (**b**) Structural comparison of the SAM domains of DmcElp3 (right) and RlmN (left, PDB ID 3RFA[@R36]) showing the location of the iron-sulfur cluster and indicating its altered position in DmcElp3 (arrows). (**c**) Structural comparison of the KAT domains of DmcElp3 (left) and Gcn5 (right, PDB IDs 1Q2C (H4)[@R53], 1QSN (H3)[@R54], 1PUA (pH3)[@R53] and 1Q2D (p53)[@R55]). Bound acetyl-CoA, substrate peptides and α1 and α2 helices are indicated.](emss-69021-f001){#F1}

![Dimerization of DmcElp3.\
(**a**) Size exclusion chromatograms of aerobically (blue) and anaerobically (orange) purified wild type DmcElp3 (upper) and the SDS-PAGE gel of the corresponding fractions from the aerobically purified sample for crystallization. Concentrated protein solutions corresponding to dimeric and monomeric peaks of aerobically purified DmcElp3 are shown above. Elution position of reference proteins and their molecular mass are indicated (**b**) Overall structure of DmcElp3 in its dimeric conformation (top panel), showing DmcElp3 (light blue and pink) and its neighbouring dyad-related molecule of DmcElp3 (yellow and pink). Same as in top panel, but 90° rotated view (middle panel). Close-up of the interaction interface showing hydrogen-bond networks and the involved residues (lower panel). (**c**) Anomalous difference Fourier maps calculated from a data set recorded close to the iron absorption edge (at 12 I/σ) (left) and close to the zinc absorption edge (at 7 I/σ) (right). (**d**) Phenotypes of yeast strains carrying the indicated *Scelp3* mutant alleles using γ toxin and *SUP4* suppression assays described in the text and detailed in [Online Methods](#S13){ref-type="sec"}.](emss-69021-f002){#F2}

![DmcElp3 tRNA interaction.\
(**a**) Structure of DmcElp3 shown in cartoon representation showing the localization of tested mutants. Individual residues are shown in ball and sticks representation. Mutated residues with no decrease (green), decrease or decrease as double mutant (orange) and strong decrease (red) in tRNA binding are highlighted. (**b,c**) EMSA analysis of indicated point mutations using radioactively labelled tRNA and increasing amounts of protein (1.6, 7.5, 15 μM) on a 6% native Gel. Samples were also analysed using denaturing SDS-PAGE as loading control. (**d,e**) Phenotypes of yeast strains carrying the indicated *Scelp3* mutant alleles using γ-toxin and SUP4 suppression assays described in the text and detailed in [Online Methods](#S1){ref-type="sec"}.](emss-69021-f003){#F3}

![RNase protection assays and tRNA--DmcElp3 model.\
(**a**) RNase protection assays using different amounts of RNase T2, T1 and nuclease S1 (C-no nuclease; 1, 2-two different amounts of nuclease) in the absence and presence of DmcElp3. Protected areas are indicated. (**b**) Regions protected by DmcElp3 (dots) are mapped onto the crystal structure of tRNA~Glu~ (PDB ID 1G59[@R56]). (**c**) Model of the DmcElp3--tRNA complex using restraints from the mutational analyses and RNase protection assays. (**d**) Close-up of the tRNA binding cavity showing the position of the wobble base position (red), the anticodon (green) and bound CoA (balls and sticks).](emss-69021-f004){#F4}

![Model of the individual steps of the Elp3 modification reaction.\
(**a**) Close-up view on the region of iron-sulfur cluster in the crystal structure of DmcElp3 (left), a model based on the SAM domain structure of RlmN (middle) and the SAM bound state (3RFA; right). Loops that have to undergo movements (arrows) are indicated and labelled (red, blue, brown, orange). (**b**) Close-up view on the tRNA binding region of DmcElp3 in the full length (left) and the 390-407~GSGSG~ structure (middle) with the fitted anticodon from [Fig. 4](#F4){ref-type="fig"}. Localization of the docked acetyl-CoA molecule (right). Single point mutants that affect tRNA binding are indicated in red and orange. (**c**) Summary of the individual steps of the modification reaction, combining structural data and biochemical data from Huang and colleagues[@R10].](emss-69021-f005){#F5}

###### Data collection, phasing and refinement statistics

  -------------------------------------------------------------------------------------------------------------------------------------
                                                   DmcElp3\             DmcElp3\              Fe edge              Zn edge
                                                   Full length\         390-407~GSGSG~                             
                                                   SeMet                                                           
  ------------------------------------------------ -------------------- --------------------- -------------------- --------------------
  **Data collection**                                                                                              

  Space group                                      C222~1~              C222~1~               C222~1~              C222~1~

  Cell dimensions                                                                                                  

      *a*, *b*, *c* (Å)                            75.46 158.58 93.58   73.76 161.41 93.22    75.26 160.22 93.65   75.28 159.81 93.43

      *α* *β* *γ* (°)                              90, 90, 90           90, 90, 90            90, 90, 90           90, 90, 90

  Wavelength                                       0.97923              1.0332                1.7377               1.28238

  Resolution (Å) [†](#TFN2){ref-type="table-fn"}   50-2.15(2.2-2.15)    50.0-2.6 (2.66-2.6)   50-2.7 (2.76-2.69)   50-2.9 (2.96-2.89)

  *R*~meas~                                        8.3 (230.9)          12.6 (297.4)          11.8 (171.8)         9.3 (203.6)

  *I/σ*(*I*)                                       14.17 (1.03)         14.82 (0.94)          16.43 (1.34)         13.00 (1.00)

  *CC*~1/2~                                        0.99 (0.56)          0.99 (0.37)           0.99 (0.47)          0.99 (0.42)

  Completeness (%)                                 99.5 (96.8)          99.6 (94.9)           99.4 (92.7)          99.2 (89.8)

  Redundancy                                       10.9 (10.6)          13.0 (11.8)           13.1 (10.4)          6.9 (5.8)

                                                                                                                   

  **Refinement**                                                                                                   

  Resolution (Å)                                   50-2.15              50-2.6                                     

  No. reflections                                  58703                17582                                      

  *R*~work~ / *R*~free~                            19.1/21.9            18.2/21.9                                  

  No. atoms                                                                                                        

      Protein                                      3442                 3081                                       

      Ligand/ion (FeS, Zn)                         5                    5                                          

      Water                                        38                   0                                          

  *B* factors                                                                                                      

      Protein                                      80.8                 90.9                                       

      Ligand/ion                                   79.0                 89.2                                       

      Water                                        62.7                 0                                          

  r.m.s deviations                                                                                                 

      Bond lengths (Å)                             0.002                0.004                                      

      Bond angles (°)                              0.621                0.684                                      
  -------------------------------------------------------------------------------------------------------------------------------------

Values in parentheses are for highest-resolution shell.

Resolution limits according to I/σ of 2 are 2.3 Å for DmcElp3 full length and 2.8 Å for DmcElp3 390-407~GSGSG~
